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Fungal LOV proteins facilitate photoadaptation via
blue light regulation of dimer formation. Despite
considerable homology of these proteins in closely
related fungi, deviations in signaling exist. Here
we report the crystal structure of ENVOY (ENV1), a
homolog of N. crassa VVD in the fungus T. reesei,
a model organism for plant cell wall degradation.
Structural studies contradict a model of reversible
competitive dimerization. Rather, evolutionary pres-
sures have facilitated a two-residue shift in the posi-
tion of a key Cys residue (Cys96) that enables
the integration of environmental stress and light
responses. A Cys96Thr variant abolishes adaptive
responses to light and oxidative stress in a carbon
source-dependent manner in vivo. Phylogenetic
analysis verifies an evolutionary relevance of the
Cys residue shift in different orders within Sordario-
mycetes. In this manner, we identified a widespread
oxidative stress signaling mechanism that couples
metabolic sensing and blue light responses not pre-
viously identified in LOV proteins.
INTRODUCTION
Daily oscillations in light intensity can function as an energy
source, cause DNA damage and oxidative stress, and mediate
circadian timing. Therefore, organisms evolved integrated blue
light signaling pathways to adapt and optimize energy and stress
responses. In plants, bacteria, and fungi, these responses are
mediated by the light-oxygen-voltage (LOV) subclass of the
Period ARNT Singleminded (PAS) domain family (Zoltowski
and Gardner, 2011). In this manner, PAS/LOV proteins function
as sensory modules that couple cofactor recognition or chemis-
try into activation of signal transduction.
The PAS fold consists of a five-stranded b sheet flanked on
one side by a series of helical elements that create a pocket
for cofactor recognition (Zoltowski and Gardner, 2011). In LOV
domains, photochemical activation and structural changes are
well characterized in phototropins (Halavaty and Moffat, 2013;116 Structure 23, 116–125, January 6, 2015 ª2015 Elsevier Ltd All rigHarper et al., 2003), Vivid (VVD) (Lamb et al., 2009; Zoltowski
and Crane, 2008; Zoltowski et al., 2007), and bacterial stress
proteins (Mo¨glich and Moffat, 2007). In all cases, blue light forms
a cysteinyl-flavin C4a adduct that is reversible upon return to
the dark. Adduct formation and flavin N5 protonation induce
the rotation of a conserved Gln residue that alters H-bonds
to Ab of the central b sheet. This rearrangement of H-bonding
networks propagates to the b scaffold to induce conformational
changes in N-terminal (Ncap) or C-terminal (Ccap) residues that
regulate effector domains (Harper et al., 2003; Vaidya et al.,
2011; Zoltowski and Crane, 2008; Zoltowski et al., 2013), induce
alterations in Ncap residues to affect protein oligomerization
(Vaidya et al., 2011; Zoltowski and Crane, 2008; Zoltowski
et al., 2013), and alter H-bonds to the b sheet to reorganize dimer
contacts (Zoltowski and Gardner, 2011). In many cases, these
signaling events are sensitive to a wide range of environmental
influences and allow adaptation to increasing levels of blue light
as well as additional environmental stimuli (i.e., oxidative stress
and nutrient sensing) (Pudasaini and Zoltowski, 2013; Schwerdt-
feger and Linden, 2003). How these adaptive responses are
mediated is currently less well understood.
Recent studies of blue light regulation in the filamentous fun-
gus T. reesei indicate that it may function as a model for the
integration of environmental sensing (Castellanos et al., 2010;
Schmoll et al., 2005, 2010). T. reesei is of importance because
of its role in cellulase production for use in the bioenergy, textile,
and food and feed industries (Schuster and Schmoll, 2010). Ge-
netic studies of cellulase expression, metabolic function, sexual
development, and stress responses indicate that these pro-
cesses are regulated by blue light and nutrient signaling through
two LOV proteins, ENV1 and blue-light receptor 1 (BLR1) (Chen
et al., 2012; Seibel et al., 2012; Tisch and Schmoll, 2013). Muta-
tional studies demonstrate that blue light activates transcription
via the heterodimeric transcription factors BLR1 and BLR2 and
initiates negative regulation by ENV1. Notably, conidiation has
been shown to bemutually dependent on both light and the pres-
ence of oxygen and is directly influenced by the metabolic state
of the cell (Friedl et al., 2008). Therefore, the three aspects of
light, oxygen, and metabolism impinge on a signaling node
defined by ENV1, BLR1, and BLR2. Currently, little is known
about ENV1 signaling at the molecular or chemical levels. How-
ever, some insight can be garnered from N. crassa.
In N. crassa, LOV domains in VVD (ENV1 homolog) and white
collar 1 (WC-1, a BLR1 homolog) regulate blue light responseshts reserved
Figure 1. ENV1 Chemistry and Structure
(A) ENV1 undergoes LOV-type chemistry. Spectra
of dark-state oxidized FMN (black) contain a broad
absorption band at 450 nm. Blue light induces the
formation of a C4a adduct (red) with loss of the
absorption bands centered at 450 nm. Incubation
in the dark allows a return to the oxidized flavin,
which can be monitored by absorption changes at
450 (inset, black) and 478 nm (inset, red).
(B) Dark-state crystallographic dimer of ENV-64.
The core LOV domain (blue and gray) contains a
bound FMN cofactor between the b scaffold and
helical interface. An E-F loop is largely disordered
and not visible in three of the four molecules.
Opposite the FMN binding interface is an N-ter-
minal cap (yellow, aa) linked to the core by the
N-hinge (magenta). Dimer contacts are formed
between aa and the N-latch (red).
(C) Superposition of ENV1 (LOV core, blue; aa,
yellow; N-hinge, magenta; N-latch, red) on light-
state VVD (gray) indicates an analogous dimer
interface formed by the N-cap of ENV1. The LOV
core of the second ENV1 molecule is excluded for
clarity. A small rotation in the aa helix induces
subtle alteration of the dimer interface. The dif-
ference stems from a slight asymmetry in H-I loop-
Ncap interactions.
(D) The helical pitch of aa is affected by alternative
conformations of the H-I loop (blue, primary
conformation; yellow, alternative conformation).
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LOV Domains Integrate Light and Oxidative Stress(Zoltowski et al., 2009). Studies of VVD revealed an H-bond
network coupling protonation of the N5 position of the flavin
ring to translation of the Ncap. These structural responses
hinged on contacts between Cys-71 and ab that facilitate VVD
homodimerization (Lamb et al., 2009; Vaidya et al., 2011; Zoltow-
ski et al., 2007). Conservation of Cys-71 in VVD and the LOV
domain of WC1 led to a model of competitive inhibition of gene
transcription through the formation of VVD:WC1 heterodimers
(Chen et al., 2010). Although the role of VVD:WC1 heterodimers
is reasonably clear, the function of VVD homodimers is less
obvious. Current models of adaptation suggest that dimerization
stabilizes VVD in the light, allowing for amemory of the preceding
day’s light intensity (Gin et al., 2013). In such a model, the dark
state of VVD is unstable, and light activation leads to the forma-
tion of stabilized LOV:LOV dimers.
T. reesei ENV1 is presumed to follow an analogous mecha-
nism. However, transcriptome and mutational studies indicate
that differences in signal transduction must exist (Schmoll
et al., 2012; Schuster et al., 2007; Tisch and Schmoll, 2013).
First, ENV1 is incapable of rescuing VVD-null mutants (Schmoll
et al., 2005). Second, although VVD is only functional in the
light, ENV1 retains dark state functions (Castellanos et al.,
2010; Schmoll et al., 2010). Third, ENV1 and BLR1 integrate
nutrient, blue light, and oxidative stress sensing into a coherent
signal (Castellanos et al., 2010; Schmoll et al., 2010). Here we
report the crystal structure of ENV1 from T. reesei. Structural
and biochemical studies indicate that ENV1 adopts a confor-
mation consistent with light-state VVD but is incapable of
reversible homodimer formation. Rather, an alternative light-
induced, oxygen-dependent mechanism regulates competitive
dimerization. Furthermore, disruption of light-induced disulfideStructure 23, 11formation affects ENV1 function in vivo. Sequence mapping
reveals that mutations within the hinge region differentiate be-
tween filamentous fungal families, indicating evolution of an ox-
ygen-sensing mechanism in Sordariomycetes, which may be
important for production of plant cell wall-degrading enzymes
within Hypocreales.
RESULTS
ENV1 Is a Functional LOV Photoreceptor that Adopts a
Conformation Consistent with Light-State VVD
To understand the chemical and structural mechanisms of
ENV1, we cloned and expressed full-length (FL 1–207) and trun-
cated ENV-55 and ENV-64 (56–207 and 65–207), constructs. All
constructs purified with bound oxidized flavin mononucleotide
(FMN) as a chromophore and displayed a chemistry typical of
LOV proteins (Figure 1A). Upon return to the dark, the C4a
adduct decays with a time constant of 25 min, regardless of
construct length (Table S1 available online). In comparison with
VVD, ENV1 proceeds with a 153 faster photocycle at 296 K (Zol-
towski et al., 2009). The altered photocycle kinetics are not un-
usual because a wide range of photocycle lifetimes has been
observed. However, it may reflect adaptation to impart sensi-
tivity to changing levels of blue light (Pudasaini and Zoltowski,
2013).
To identify light-activated signaling mechanisms, we obtained
a 2.2 A˚ dark-state crystal structure of ENV-64 (Table 1). Attempts
to crystallize FL and ENV-55 were unsuccessful, presumably
because of intrinsic disorder in the N terminus. A similar disorder
is present in VVD and renders FL proteins unstable (Zoltowski
et al., 2007). In contrast, FL ENV1 is stable for biochemical6–125, January 6, 2015 ª2015 Elsevier Ltd All rights reserved 117
Table 1. Data Collection and Refinement Statistics (Molecular
Replacement)
Data Collection ENV-64 (PDB ID Code 4WUJ)
Space group P2(1)
Cell Dimensions
a, b, c (A˚) 44.34, 102.23, 71.55
a, b, g () 90, 91.1, 90
Resolution (A˚) 2.23 (2.3–2.23)a
Rsym or Rmerge 4.7 (11.8)
I/sI 46 (14)
Completeness (%) 96.7 (94.7)
Redundancy 4.0 (3.2)
Refinement
Resolution (A˚) 2.23
No. of reflections 30,102
Rwork/Rfree 20.6/26.0
No. of Atoms
Protein 4,714
Ligand/ion 154
Water 251
B Factors
Protein 40.5
Ligand/ion 32.1
Water 41.7
Root-Mean-Square Deviations
Bond lengths (A˚) 0.014
Bond angles () 1.49
aThe highest-resolution shell is shown in parentheses.
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LOV Domains Integrate Light and Oxidative Stressanalysis, and studies of ENV-64 indicate that signaling mecha-
nisms are retained in truncated constructs (see below).
ENV-64 crystals contain four molecules per asymmetric unit.
ENV1 monomers contain a core PAS fold consisting of a five-
stranded, antiparallel b scaffold flanked on one side by a helical
interface (Figure 1B). On the opposite face, an N-terminal cap
(Ncap, residues 74–99) contains a helical element (aa) that con-
nects to the PAS core through an N-terminal hinge (N-hinge) and
short strand (bb). An additional N-terminal component (residues
65–74) comprises an N-terminal latch (N-latch) that undergoes
conformational changes in VVD to enable the formation of a
rapidly exchanging light-state dimer (Lamb et al., 2009; Vaidya
et al., 2011). Comparison of the ENV1 dimer with dark- and
light-state VVD reveals that the orientation of the Ncap and dimer
contacts are nearly identical to the VVD light-state dimer (VVD-
LSD), but differ from dark-state VVD (Figures 1B and 1C; Fig-
ure S1; Vaidya et al., 2011). A modest alteration of the dimer
interface results from a slight rotation of the aa helix in ENV1
that is coupled to multiple conformations of the H-I loop (Fig-
ure 1D; Figure S2).
The observed similarities between ENV1 and the VVD-LSD
structure may reflect direct crystallization of a light-state ENV1
species. However, several factors preclude such an event. First,
the lifetime of ENV1 is too short to obtain light-state crystals
when grown in constant darkness, and illumination abolishes118 Structure 23, 116–125, January 6, 2015 ª2015 Elsevier Ltd All rigcrystal growth. Second, in all four molecules, the active-site
Cys residue (Cys135) adopts a conformation that positions
the thiol away from the C4a position in a state inconsistent
with adduct formation (Figure S2). Therefore, dark-state ENV1
mimics the light-state dimeric structure of VVD and may reflect
that ENV1 exists in a constitutively dimeric state. Examination
of residues occupying the dimer interface identified several dif-
ferences that promote a light state-like conformation in ENV1
(LSL-ENV). Below we focus on two key structural elements
that indicate altered signal propagation in ENV1: (1) alteration
of H-bond networks leads between the flavin and Ncap, and
(2) a two-residue shift in the position of Cys71 (VVD numbering)
leads to movement of a key signaling residue from a buried cleft
to a solvent-exposed position capable of responding to environ-
mental stimuli.
N-Terminal Hinge Contacts Promote a Light State-like
Conformation in ENV1
Structural studies of VVD indicate that light-induced dimer for-
mation proceeds through three elements (Vaidya et al., 2011;
Zoltowski and Crane, 2008; Zoltowski et al., 2007). First, light
activation protonates the N5 position of FMN, causing rotation
of a conserved Gln side chain (Gln182 VVD, Gln204 ENV1). Rota-
tion of Gln182 alters H-bonds to the Ncap and induces transla-
tion of bb. Movement of the Ncap allows insertion of the N-latch
within the hydrophobic cleft to form a light-state dimer (Vaidya
et al., 2011; Zoltowski and Crane, 2008) (Figure 2).
Examination of the equivalent pathway in ENV1 identifies dif-
ferences that may facilitate the population of LSL-ENV under
dark-state conditions. First, ENV1 contains an H-bond between
Gln204 and Ser99 (Ala72 in VVD) that mimics the light-state H-
bond network of VVD (Figures 2A and 2B). Second, ENV1 has
a Val at position 98 (Cys71) within the N-hinge that buries the res-
idue in a cleft between the Ncap and LOV core. In VVD, the
buried position of Cys71 facilitates light-activated reorganization
of H-bonds required for signaling, whereas a Cys71Val variant
led to partial activation in the dark (Zoltowski and Crane, 2008;
Figures 2A and 2B). Therefore, alteration of a key residue,
required for conformational switching in VVD, leads to partial
activation in ENV1. Importantly, a Cys residue (Cys96) is shifted
two residues to a surface-exposed position. Although incapable
of being involved in H-bond switching, the exposed site in the N-
hinge positions the residue ideally to respond to additional envi-
ronmental stimuli (see below). Combined, these substitutions
lead to the rotation of hinge residues 94–98 toward the PAS
core and break the Asp95-Ser97 H-bond present in both the light
and dark states of VVD. Disruption of these interactions pro-
motes translation of bb to mimic VVD-LSD in dark-state ENV1.
An additional 2.4 A˚ shift because of disruption of the Asp95-
Ser97 interaction stabilizes contacts between the N-latch and
N-hinge at the dimer interface (Figures 2C and 2D).
The dimer interface involves contacts between the aa helices
and interactions between the N-latch and PAS core of a neigh-
boring molecule. Specifically, Tyr67 is inserted within a hydro-
phobic cleft formed by translation of bb (Figure 2C). These inter-
actions mirror those in VVD-LSD, where mutation of Tyr40 (Tyr67
in ENV1) abrogated dimer formation and altered VVD function
in vivo (Vaidya et al., 2011). A light state-like conformation in
ENV1 is further stabilized by residue substitutions within ahts reserved
Figure 2. The Ncap H-Bond Network and
Dimerization of ENV1
(A and B) Comparisons of the hinge regions of
ENV1 (yellow) with dark-state VVD (pink, A) and
light-state VVD (gray, B). Signal propagation is
normally initiated by N5 protonation and rotation of
Gln204. ENV1 contains an H-bond between
Gln204 and Ser99 in the dark state that induces a
shift in bb. Val98 mimics the light-state confor-
mation of Cys71, leading to movement of bb and
creation of a light-exposed cleft. Ser97 is rotated
away from bb to facilitate interactions across the
dimer interface.
(C) Key contacts in the ENV1 dimer interface.
Tyr67 from molecule 1 (blue) docks to the cleft of
the second molecule (yellow/gray) and forms
strong H-bonds to residues in Hb. Electron density
for the 2Fo-Fc map is depicted at 2.0 s.
(D) Docking of Tyr67 to the cleft is facilitated by
interactions in the N-latch. The N-latch of one
molecule (yellow) makes key contacts with the N-
cap of the neighboring molecule (blue), where
Ser68 and Ser70 form H-bonds to Asp95 in the N-
hinge. The increased movement of bb and four
additional hydrogen bonds (dotted lines) involving
Asp95 lock the N-hinge region (blue) in an LSL
conformation.
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VVD, the PGG motif acts as a light-activated swivel to allow the
formation of dimeric contacts. In ENV1, the PGG motif is more
rigid, where the presence of two Ser residues facilitates the for-
mation of extensive H-bonds across the dimer interface. Specif-
ically, Asp95 forms H-bonds with Ser68 and Ser70 within a turn
motif between aa and the N-latch (Figure 2D).
Dark- and Light-State ENV1 Are Monomeric in the
Absence of Oxidative Stress
Based on the crystallographic data, we predicted that ENV-64
should exhibit light-state VVD-like behavior under dark-state
conditions. Therefore, by analogy to VVD, ENV-64 and FL-
ENV1 should constitutively form rapidly exchanging dimers. By
contrast, studies of FL-ENV1 indicate that dimer formation re-
quires both light and oxidative conditions.
Size exclusion chromatography (SEC) revealed that dark-
state FL-ENV1 purifies as a mixture of a slow- and fast-eluting
species that multiangle light scattering confirmed as a mono-
mer-dimer mixture (Figure S3). Exposure to blue light led to a
dose-dependent increase in the dimeric fraction. However,
this was abolished in the presence of reducing agents (Fig-
ure 3A; Figure S3). Furthermore, light-induced dimerization un-
der oxidative conditions was irreversible upon return to the
dark (Figure S3). Therefore, in contrast to VVD and the ENV1
crystallographic structure, ENV1 is monomeric in the absence
of oxidative conditions.
Several factors may be responsible for the observed discrep-
ancies. (1) The FL proteins studied here are incapable of dimer
formation, and the observed data in VVD and the ENV-64 crystal
structure are artifacts of N-terminal truncation. Truncation and
extension of N-terminal or C-terminal elements have been
shown to affect oligomerization of LOV proteins in other sys-
tems (Halavaty and Moffat, 2013; Zoltowski and Crane, 2008).Structure 23, 11Given that analogous behavior is observed for all ENV1 con-
structs, including constructs analogous to VVD-36 (ENV-64),
we can exclude this possibility (Figure 3B; Figure S4). (2)
ENV1 adopts an alternative signaling mechanism that is tailored
to the native environment to incorporate oxygen sensing into
blue light signaling. The latter is consistent with existing biolog-
ical data that indicate coupling of blue light signaling and oxy-
gen uptake in Trichoderma (Sulova et al., 1990). Furthermore,
revisiting data on regulatory targets of ENV1 in T. reesei (Tisch
and Schmoll, 2013), we found that, of the nine predicted cata-
lases, transcript levels are decreased for four of them in
Denv1 upon growth in light on cellulose, with the strongest regu-
lation for TR_73818 (14.8-fold) and TR_70803 (48.9-fold).
Also, four of the six superoxide dismutases were negatively
regulated under these conditions, up to 4.5-fold. These data
further support a function for ENV1 in dealing with oxidative
stress.
Combined, in ENV1, dimer formation requires both light and
oxidative conditions to allow the formation of a competitive
model of blue light signaling in T. reesei that may affect gene
regulation. The formation of a stable light- and oxygen-depen-
dent crosslinked dimer suggests the involvement of a Cys resi-
due in ENV1 activation. If light-induced disulfide formation plays
a role in ENV1 signaling, three requirements would have to be
met. First, the Cys residue should be confined to a protein region
undergoing a conformational change following adduct forma-
tion. Second, the reduction potential of disulfide bond formation
should be within physiologically relevant ranges. Third, disrup-
tion of disulfide bond formation should have an effect on
T. reesei physiology.
Examination of the ENV1 crystal structure reveals a Cys resi-
due in the N-terminal hinge (Cys96) that positions the thiols
within 6.5 A˚ (Figure S4). To study the role of Cys96 in light-acti-
vated disulfide formation, we constructed a Cys96Thr variant6–125, January 6, 2015 ª2015 Elsevier Ltd All rights reserved 119
Figure 3. ENV1 Dimerization Requires
Oxidative Conditions
(A) Dark-state FL ENV1 (black) elutes as a mono-
mer and dimer mixture. Light increases the pop-
ulation (red) of the dimeric component. Continued
exposure to blue light for an additional 10 min
(magenta) leads to a dose-dependent increase in
dimerization. The reduced light state (green) and
dark state (blue) are monomeric in the presence of
5mMDTT. A slight shift in the elution volume of the
dark state (black) compared with DTT-treated
samples likely results from overlap of the mono-
mer and dimer peaks.
(B) Dark-state (black) and light-state ENV-64 (red)
undergo disulfide-induced dimerization but with
decreased population of the dimer. Treatment with
5 mM DTT abolishes dimer formation in the dark
(blue) and light (green). A modest shift in elution
volume is observed in the light.
(C) Multiangle light scattering of light-state FL-
Cys96Thr confirms that the Cys96Thr variant is
monomeric. An absoluteMWof 25 kDa is obtained
following separation on a Ser75 analytical column.
The expected monomer MW was 22.5 kDa.
(D) Introduction of a Cys96Thr variant results in
production of only monomers under oxidative
conditions in the dark (black) and light (red), con-
firming its involvement in light-induced disulfide
formation.
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Cys96Thr variant abolished light-induced dimer formation under
oxidative conditions but did not affect solution behavior under
reducing conditions (Figures 3C and 3D; Figure S4). Therefore,
light-induced disulfide formation involves the N-hinge known to
undergo conformational changes in VVD (Zoltowski et al.,
2007). Further, redox titrations using reduced glutathione
(GSH)/oxidized glutathione (GSSG) reveal a midpoint potential
for the Cys96 disulfide on the order of 266 ± 7 mV at pH 7.0
(Figure S4). To the best of our knowledge, the cellular redox po-
tential of Trichoderma has not been measured, but the cytosolic
redox potential of the related fungus M. oryzae has been
measured as 290 mV (at pH 7.0) and shifts dramatically de-
pending on metabolic, reproductive, and pathogenic states (Sa-
malova et al., 2013). Therefore, the reduction potential of the
Cys96 disulfide is well poised to sense the metabolic state of
the cell and mediate responses to oxidative conditions.
Cys96 Is Involved in Stress Responses In Vivo
To evaluate the role of the Cys96Thr mutation in T. reesei in vivo,
we introduced the correspondingly altered allele into a strain
lacking ENV1 in the background of the wild-type strain QM6a
(Martinez et al., 2008). Then we evaluated the growth (hyphal
extension on plates) of the resulting strains (QEC96T) in dark-
ness, low light (1,500 lux), high light (8,000 lux), and varying car-
bon sources. These carbon sources mimic low-nutrient (minimal
medium with glucose), nutrient-rich (malt extract), and natural
conditions with a recalcitrant cellulosic substrate requiring spe-
cific enzymes for degradation (minimal medium with carboxy-
methylcellulose). Oxidative stress was evaluated by addition of
25 mM menadione (final concentration).
The resulting in vivo data are consistent with a distinct role
of Cys96 in integrating oxidative stress, metabolism, and light120 Structure 23, 116–125, January 6, 2015 ª2015 Elsevier Ltd All rigintensity. QEC96T rescues growth defects of Denv1 on malt
extract and minimal medium, indicating successful complemen-
tation of T. reesei with Cys96Thr (Figure S5). Furthermore, the
lack of growth defects in QEC96T verifies that Cys96 does not
have a general effect on organism growth. In addition, under
constant darkness, QEC96T strains did not show significantly
different growth patterns compared with the wild-type in the
presence of menadione (Figure S5).
Upon exposure to low light, however, we found that Cys96 is
essential to the function of ENV1 in response to oxidative stress
with glucose (p = 0.002) or cellulose (p < 0.001) as carbon sour-
ces. Specifically, complementation of Denv1 with the Cys96Thr
allele did not alleviate the growth defect ofDenv1 in the presence
of menadione. Wild-type growth of QEC96T was observed
on the complex medium malt extract under low light (Figure 4).
Under high light conditions, no statistically significant effect
of Cys96 was observed, consistent with a role of ENV1 and
Cys96 in differentiating carbon sources and light intensity (Fig-
ure S5). In general, our analyses clearly revealed differences in
the relevance of Cys96 in oxidative stress responses depending
on the carbon source and light intensity. This finding supports
the hypothesis of ENV1 connecting light and stress response
with carbon sensing and utilization.
Cys96 Contributes to the Function of ENV1 in Cellulase
Regulation
Because ENV1 has been found to influence cellulase gene
expression (Castellanos et al., 2010; Schmoll et al., 2005), we
evaluated whether Cys96 would be involved in this function.
Because of the coregulation of cellulase and hemicellulase
genes in T. reesei (Foreman et al., 2003), we used the gene
encoding cellobiohydrolase I (cbh1) to assess the influence of
the Cys96Thr mutation on the regulation of the cellulolytichts reserved
Figure 4. Cys96 Is Required for Oxygen
Sensing
(A–C) Relevance of Cys96 to growth in the
presence of menadione in low light (1,500 lux)
on different carbon sources. An ENV1-null
strain (Denv1) has a growth defect compared
with WT (QM6a) grown with glucose (A), cellu-
lose (B), or malt extract (C) as the sole
carbon source. Complementation with an ENV1
Cys96Thr variant is incapable of rescuing the
growth defect with glucose or cellulose but
demonstrates enhanced growth with malt
extract. The data indicate that ENV1 is involved
in coupling light, oxygen, and metabolism,
which is dependent on the presence of Cys96.
The statistical significance (p % 0.005) of growth patterns is reflected by different small letters for wild-type and mutant strains. Growth patterns
were evaluated for 3, 4, and 5 days after inoculation for statistical analysis. Error bars represent SD.
Structure
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gene cbh1 did not significantly differ from the wild-type in the
QEC96T mutant strains. However, our quantitative RT-PCR
(qRT-PCR) analysis showed that, in the light transcript, the abun-
dance of cbh1 was 2.8-fold higher (p = 0.002) in QEC96T but
still lower than in Denv1 (10.4-fold higher than the wild-type,
p = 0.002). Therefore, Cys96 is relevant but not essential for
the function of ENV1 in the regulation of cellulase gene expres-
sion and reflects a contribution to metabolic regulation by ENV1.
Combined, light-induced disulfide formation may reflect
the adaptation of a conserved signaling system but with diver-
gent mechanisms in T. reesei and N. crassa. In this regard,
if T. reesei employs competitive formation of ENV1:BLR1 and
ENV1:ENV1 dimers as a regulatory mechanism, then it would
require both oxidative conditions and an altered mechanism of
signal propagation. Importantly, it is unknown how widespread
such a mechanism is in filamentous fungi.
Cys96 Is Conserved in Closely Related Sordariomycetes
Because our experiments showed a biological relevance of
Cys96, we were interested in whether the function of Cys96 is
relevant for evolution. Therefore, we performed a phylogenetic
analysis of the ENV1 homologs of 36 Sordariomycetes as avail-
able at JGI Mycocosm. Alignment of their amino acid sequences
revealed partial conservation of Cys96 (Figure S6). The phyloge-
netic tree showed that species with Cys at the position corre-
sponding to 96 in T. reesei cluster separately from those with
other amino acids at this position, including N. crassa (Figure 5).
Specifically, our data indicate that Cys96 is conserved in Hypo-
creales (except for I. spp.), Glomerellales, and Diaporthales,
whereas other amino acids are present at this site in Sordariales,
Coniochaetales, Xylariales, Magnaporthales, and Ophistomales.
The species present in both groups include beneficial andmodel
fungi (N. crassa, Trichoderma spp., P. anserina, A. montagnei,
or D. eschscholzi) as well as pathogens (Fusarium spp.,
C. parasitica, C. ligniaria, or M. grisea). Because knowledge of
the physiology of most of these fungi is very limited and because
their strategies for response to oxidative stress are unknown, we
cannot draw any conclusion as to the physiological relevance of
Cys96 that leads to this evolutionary phenomenon. We propose
that the function of Cys96 in oxidative stress and metabolic pro-
cesses played an important role in the evolution of species within
Sordariomycetes.Structure 23, 11DISCUSSION
In filamentous fungi, VVD-like proteins allow adaptation to
increasing levels of blue light through the competitive formation
of LOV homo- and heterodimers. Current models of adaptive
responses are predicated upon VVD being unstable in the dark
but accumulating under light state conditions to inhibit gene
transcription via the white collar complex (Gin et al., 2013). In
T. reesei, biological data suggest key deviations from such a
model. Based on structural biochemical and in vivo studies, we
provide a model of how a subtle two-residue shift in a key Cys
residue allows adaptation to specific environmental niches.
These alterations in signaling could not have been predicted
on sequence alone and shed light on adaptive signaling net-
works in filamentous fungi. Moreover, the studies reveal how
fungal systems may integrate metabolism, oxidative stress,
and blue light sensing.
ENV1 adopts a conformation to allow residual dark-state ac-
tivity similar to Cys71Val variants of VVD (Vaidya et al., 2011; Zol-
towski and Crane, 2008). In ENV1, the presence of an H-bond
between Ser99 and Gln204 mimics LSL networks in other LOV
proteins and stabilizes the Ncap relative to the LOV core. In
this manner, ENV1 stabilization, through Ser99-Gln204 interac-
tions, may facilitate dark-state functionality for this class of
VVD-like proteins. Blue light then induces additional conforma-
tional changes to repress BLR1:BLR2 function but with a fail-
safe mechanism to inhibit regulation in the presence of oxidative
stress.We propose that this is achieved through sequestration of
ENV1 in inactive ENV1 homodimers to maintain activation of
BLR1:BLR2 and promote increased fitness (Figure 6). Therefore,
movement of the Cys residue in the N-terminal hinge by two po-
sitions enables inhibition of ENV1 following metabolic or oxida-
tive stress that is linked to light intensity and carbon source.
The latter oxidative stress mechanism allows a direct method
to couple blue light, oxidative stress, andmetabolism to increase
organism growth and fitness under damaging levels of blue light.
Systems biology approaches to analyze blue light responses and
cellulase production in T. reesei revealed that oxidative stress,
blue light signaling, and cellulase production impinge on gene
regulation by BLR1:BLR2 (Kubicek, 2013). However, a causal
link between the pathways has not been identified. Furthermore,
studies of blue light-induced conidiation reveal coupling of
blue light sensing and oxidative metabolism. Specifically, blue6–125, January 6, 2015 ª2015 Elsevier Ltd All rights reserved 121
Figure 5. Evolutionary Relationships of
ENV1 Homologs in Sordariomycetes
Species names are given along with the protein ID
of the respective JGI genome database (http://
genome.jgi-psf.org/programs/fungi/index.jsf). In
the bar, the amino acid present at the site corre-
sponding to Cys96 in T. reesei ENV1 is shown. The
evolutionary history was inferred using the mini-
mum evolution (ME) method (Rzhetsky and Nei,
1992). The bootstrap consensus tree inferred from
500 replicates is taken to represent the evolu-
tionary history of the taxa analyzed (Felsenstein,
1985). Branches corresponding to partitions re-
produced in less than 50% of bootstrap replicates
are collapsed. The percentage of replicate trees in
which the associated taxa clustered together in
the bootstrap test (500 replicates) are shown next
to the branches (Felsenstein, 1985). The tree is
drawn to scale, with branch lengths in the same
units and those of the evolutionary distances used
to infer the phylogenetic tree. The evolutionary
distances were computed using the Poisson
correction method (Zuckerkandl and Pauling,
1965) and are in the units of the number of amino
acid substitutions per site. The ME tree was
searched using the close neighbor interchange
algorithm (Nei and Kumar, 2000) at a search level
of 1. The neighbor-joining algorithm (Saitou and
Nei, 1987) was used to generate the initial tree. All
positions containing gaps and missing data were
eliminated from the data set (complete deletion
option). A total of 117 positions were in the final
data set. Phylogenetic analyses were conducted
in MEGA4 (Tamura et al., 2007).
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LOV Domains Integrate Light and Oxidative Stresslight-induced conidiation requires the presence of oxygen, and
treatment of T. viride with reducing agents such as dithiothreitol
(DTT) blocks conidiation. Therefore, it has been proposed that
light-induced oscillations in cellular redox potentials are a key
factor in reproduction (Sulova et al., 1990). These oxidative re-
sponses have been presumed to involve flavin-binding blue light
sensors. However, biochemical mechanisms have been lacking
(Sulova et al., 1990). Our data indicate that a two-residue shift of
Cys96 allows ENV1 to function directly as an oxygen sensor with
a midpoint potential within physiologically relevant ranges.
Moreover, Cys96 is essential for oxidative stress sensing in vivo.
Evolutionary adaptation of blue light signaling in filamentous
fungi may be directly coupled to alteration inmetabolic signaling.
Sequence analyses of related filamentous fungi indicate that
taxonomic groups cluster with regard to the Cys position (Fig-
ures 5 and 6). Specifically, T. reesei and plant pathogens have
the two-residue shift in Cys71 (VVD numbering) to construct
a CxV motif (Figure S6). In these proteins, metabolic stress
may regulate ENV1 dimer formation and facilitate the regulation122 Structure 23, 116–125, January 6, 2015 ª2015 Elsevier Ltd All rights reservedof cellulase. Consistent with this hy-
pothesis, a Cys96Thr variant has a 2.8-
fold effect on cellulase production. In
this manner, ENV1-like species have
diverged from the VVD mechanism to
allow specialization in oxidative stress
and metabolic function. Dual sensing of
blue light and oxidative stress has beenobserved in R. sphaeroides, where the blue light using FAD
(BLUF) protein AppA acts in a ternary complex to affect photo-
synthesis (Yin et al., 2013), and suggested in a bacterial LOV
protein (Purcell et al., 2010). Furthermore, recent studies of
mammalian cryptochromes indicate that disulfide switch mech-
anisms may couple circadian and metabolic processes (Schma-
len et al., 2014). Therefore, coupling of blue light to oxygen
sensing may be widespread in the LOV, BLUF, and crypto-
chrome families and may provide an evolutionary link between
blue light and oxygen responses.
EXPERIMENTAL PROCEDURES
Cloning and Purification
Constructs were designed based on sequence homology to N. crassa VVD
and consist of the full-length (1–207) and N-terminally truncated constructs
ENV-64 (65–207) and ENV-55 (56–207). All constructs were cloned from
cDNA obtained from T. reesei grown on cellulose using standard PCR ap-
proaches. Envoy constructs were subsequently cloned into the pGST vector
using NcoI and XhoI cut sites and verified by DNA sequencing (Genewiz).
Figure 6. Model of Divergent Signaling in
Hypocreales
(A) Sequence alignment for selected sequences
of the N-hinge of ENV1 (TrENV) and homologs
from F. oxysporum (FoVVD), F. fujikuroi (FfVVD,
V. alfalfae (VaVVD), N. crassa VVD (NcVVD), and
N. crassa and T. reesei BLR1 (NcWC1 and
TrWC1). Although bb (blue) is conserved, Hypo-
creales (Tr, Fo, Ff, and Va) contain a two-residue
shift of the key Cys residue (+) and likely retain
ENV1-like signaling mechanisms. All WC1 spe-
cies contain a Cys residue in a position analo-
gous to VVD. Neighboring regions (orange) are
often involved in tuning LOV photochemistry
lifetime. A more complete alignment can be found
in Figure S6.
(B) ENV1 is capable of integrating signals in the
light and dark, including survival of increasing
levels of blue light. This is achieved through
interactions with the white collar complex
(BLR1:BLR1:BLR2). In analogy to N. crassa, light
promotes dimerization of BLR1 to induce gene
expression. ENV1 is presumed to repress gene
expression through competitive dimerization
with BLR1. Here we propose an additional level of control to protect against oxidative stress. This is achieved by sequestration of ENV1 in a homodimer
under oxidative stress conditions to block formation of ENV1:BLR1 (X) and subsequent repression of BLR1:BLR2.
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LOV Domains Integrate Light and Oxidative StressThe Cys96Thr point mutant was introduced in FL ENV1 using the QuikChange
protocol (Stratagene).
ENV1 constructs were expressed in E. coli JM109 cells. Cells were grown
at 37C until reaching an optical density 600 of 0.6. At this point, the tem-
perature was decreased to 18C for 40 min. At 18C, 0.3 mM isopropyl thi-
ogalactoside (RPI) was added to initiate protein expression. Pellets were
harvested after 22 hr and stored in 100 mM NaCl, 50 mM HEPES (pH 8),
and 10% glycerol (ENV buffer). All constructs were purified with glutathione
affinity resin (QIAGEN). To avoid copurification with E. coli contaminants,
ENV1 constructs were eluted on a column via treatment with 2 mg of TEV
protease per milliliter of resin. The columns were then incubated for 2 hr
at 22C. Cleaved proteins were eluted in ENV buffer containing 5 mM
DTT. An additional round of nickel-nitrilotriacetic acid chromatography
was conducted to remove His6-TEV prior to final purification with a Super-
dex S200 size exclusion column equilibrated with ENV buffer. Purified con-
structs were concentrated to 100 mM and used within 8 hr to minimize
oxidation.
Structural Analysis
ENV-64 crystals were obtained with reservoir solutions containing 100 mM
HEPES (pH 7.5) buffer, 6% (v/v) Peg400, and 1.4 M ammonium sulfate using
1.5 ml well solution with 1.5 ml of ENV-64 at 6 mg/ml. Proteins for crystallo-
graphic studies were purified in ENV buffer with 5 mM Tris(2-carboxyethyl)
phosphine (RPI). Crystal trays were then set in a dark room illuminated with
a red safe light.
Diffraction data were collected at the F1 beamline at the Cornell High-En-
ergy Synchrotron Source (CHESS). Data were collected at 100 K with 20%
ethylene glycol as a cryoprotectant. The resultant data were scaled and
reduced in HKL2000 (Otwinowski and Minor, 1997; see Table 1 for refinement
statistics). Phase information was obtained via molecular replacement with
PHASER (McCoy et al., 2007) and PHENIX (Adams et al., 2010) and a search
model of VVD-36 (Protein Data Bank [PDB] ID code 3D72). Iterative rebuild cy-
cles were completed in COOT (Emsley and Cowtan, 2004) and refinement with
REFMAC5 (Murshudov et al., 1997) and PHENIX (Adams et al., 2010). Final
structures (PDB ID code 4WUJ) were solved to 2.23 A˚ with R and Rfree of
20.6% and 26.0%, respectively.
Chromatography
To assay the formation of a light-state dimer, SEC was conducted using a
Superdex 200 10/300 analytical column. The column was equilibrated withStructure 23, 11ENV buffer. Light-state samples were generated by irradiation on ice for
5 min with a broad-spectrum flood light (150 W). 100 mM light and dark sam-
ples were run in the presence and absence of 5mMDTT. To assay reversibility,
previously irradiated samples were stored in the dark for 2 hr prior to injection.
Apparent molecular weights (MWs) of all protein constructs were measured
relative to gel filtration standards (Sigma-Aldrich). Absolute MWs for ENV con-
structs were measured using SEC in tandem with multiangle light scattering.
Protein samples at 100 mM were applied to a Superdex 75 10/300 analytical
column equilibrated with 50 mM HEPES (pH 8), 100 mM NaCl, and 5% glyc-
erol, followed by light scattering and refractive index measurements on a
Wyatt Minidawn light-scattering instrument. Samples were run at a flow rate
of 0.35 ml/min, and MWs were determined using ASTRA software from Wyatt
Technologies. Apparent MWs from SEC traces were used to confirm the iden-
tity of protein peaks relative to SEC on the Superdex 200 used in all other
studies.
Spectroscopy and Kinetics
The photophysical properties of ENV1 and its variants were obtained using
protocols detailed elsewhere (Zoltowski et al., 2009, 2011). UV-visible
spectra were obtained on an Agilent 8453 spectrophotometer. Light-state
samples were prepared via irradiation on ice with a broad-spectrum flood
light (150 W) prior to spectrum acquisition. Kinetics of adduct decay were
obtained by measuring the absorbance at 450 and 478 nm at 296 K. The
frequency of data collection was altered to allow 10–15 data points per
half-life to avoid repopulation of the light-state adduct. The resultant data
were fit with a monoexponential decay and kinetic parameters reported in
Table S1.
Disulfide Reduction Potential
Redox titrations were used to extract the midpoint reduction potential of the
Cys96 disulfide. A constant total glutathione concentration of 5 mMwas main-
tained under aerobic conditions. Total reaction volumes of 500 ml were pre-
pared for all 100 mM protein samples. The GSSG/GSH ratio was manipulated
to achieve reduction potentials in the range of 390 to 230 mV. Samples
were incubated in the light or dark for 2 hr prior to running on a nonreducing
SDS PAGE gel. Monomer and dimer fractions were calculated using GelAna-
lyzer software and plotted as a function of the GSSG/GSH reduction potential.
The resulting plots were fit with a titration curve, and themidpoint potential was
extracted. The procedure was repeated in triplicate, and the average ± 1 SD
was reported.6–125, January 6, 2015 ª2015 Elsevier Ltd All rights reserved 123
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T. reesei QM6a (ATCC13631) was used as parental strain, and complementa-
tion withmutated alleles was performed inQM6aDenv1, which lacks thewhole
reading frame encoding ENV1 and shows an equal phenotype to similar
mutant strains in the background of QM9414 (Castellanos et al., 2010; Schmoll
et al., 2005).
For assessment of the stress response, strains were cultivated on plates
with malt extract medium (3% w/v) or Mandels-Andreotti minimal medium
(Mandels and Andreotti, 1978) with glucose (1% w/v) or carboxymethylcellu-
lose (1% w/v) as a carbon source containing 25 mM menadione (oxidative
stress). All combinations were assayed in constant darkness, low light (1,500
lux), and high light (8,000 lux) at 28C. Colony diameters were measured after
2 days in constant darkness and after 3, 4, and 5 days in low light and high light.
QM6a and QM6a Denv1 were used as controls for every set. At least five rep-
licates were analyzed for each set and strain. For complementation strains,
three different recombinant strains were used at least in duplicates. Statistical
evaluation of growth assays was performed using PSPP version 0.7.9 (one-
way ANOVA, post hoc tests, http://www.gnu.org/software/pspp/).
For investigation of cellulase gene expression, strains were grown on Man-
dels-Andreotti minimal medium with 1% (w/v) microcrystalline cellulose in
constant light and constant darkness as described previously (Schmoll
et al., 2005).
In all cases, plates for inoculation were pregrown in constant darkness for
14 days to avoid interference by circadian rhythmicity, and harvesting or mea-
surements were taken at similar times every day.
Construction of ENV1-C96T Complementation Strains in T. reesei
For construction of the complementation vector pENV1C96TamdS, the adapt-
ed yeast-based recombination method was applied as described earlier
(Schuster et al., 2012) using the primers Env1C96T3F (50 ATTGACCTTGG
CCCTCTCGACACCTC 30 ), Env1C96T3R (50 GATGACATTCATACTCAAGAC
GACGAACCGCCTACACAAAC 30), Env1C96T5F (50 GTAACGCCAGGGTTTT
CCCAGTCTCGGACAATTGCACAGACG 30), and Env1C96T5R 50 AGACG
GAGGTGTCGAGAG 30), which contain overlap sequences for combination
with the amdS marker cassette (Penttila¨ et al., 1987). The vector was
sequenced to confirm the presence of themutation, and an amplified fragment
was used for protoplast transformation of QM6a Denv1 (Gruber et al., 1990).
Copy numbers of integration were evaluated for all strains to be used (Tisch
et al., 2011a, 2011b), and strains containing more than one copy were
excluded from further analyses. Again, ENV1 was sequenced to verify the
presence of the desired mutation without further errors.
Isolation of Total RNA and qRT-PCR
For isolation of RNA, mycelia were harvested and frozen in liquid nitrogen after
72 hr of growth either in light or under a red safety light (darkroom lamp, Philips
PF712E, red, E27, 15 W) in the case of cultures grown in constant darkness.
Isolation and quality control of total RNA as well as qRT-PCR were performed
as described previously, with the ribosomal gene l6e as a light-independent
control (Tisch et al., 2011a). The statistical evaluation of results was performed
using qBase+ (ANOVA, Tukey-Kramer post-test, p < 0.05).
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